Size Dependent Heating Efficiency of Iron Oxide Single Domain Nanoparticles  by Parmar, Harshida et al.
 Procedia Engineering  102 ( 2015 )  527 – 533 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy of Sciences (CAS)
doi: 10.1016/j.proeng.2015.01.205 
ScienceDirect
The 7th World Congress on Particle Technology (WCPT7) 
Size dependent heating efficiency of iron oxide single domain 
nanoparticles 
Harshida Parmara*, Ilona S. Smolkovaa, Natalia E. Kazantsevaa, Vladimir Babayana, Petr Smolkaa,  Robert Moučkaa, 
Jarmila Vilcakovaa, Petr Sahaa 
 
aCentre of Polymer Systems, University Institute, Tomas Bata University in Zlin, 760 01 Zlin, Czech Republic 
Abstract 
The iron oxide nanoparticles have been synthesized by coprecipitation and solvothermal reduction methods. The particles 
obtained differ in size, the mean size of particles coprecipitated is of 13nm and the particles, prepared by solvothermal reduction 
method have a size of 20nm. Both kinds of nanoparticles demonstrate narrow particles sizes distribution. The particles which are 
prepared by coprecipitation method have narrow particles sizes distribution with mean size diameter of 13nm and the particles, 
prepared by solvothermal reduction method have a size of 20nm. The X-ray diffraction data analysis revealed that highly 
crystalline and single-phase magnetite nanoparticles are formed by solvothermal reduction technique, whereas coprecipitation 
leads to the formation of multi-phase composition of a magnetite (72%) and maghemite (28 %). According to the size of 
nanoparticles obtained, they are in superparamagnetic state for iron oxides.  The saturation magnetization of solvothermal 
prepared particles is higher than those for coprecipitated due to their higher crystallinity and phase purity. Nevertheless, the 
glycerol dispersion of particles coprecipitated shows higher SLP values than the dispersion of the particles, synthesized by 
solvothermal reduction method. The heating efficiency of nanoparticles based dispersions is explained by the particles size effect 
and properties of carrier medium. 
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1. Introduction 
A wide range of ferromagnetic nanoparticles (NPs), including metals/alloys with superior magnetic properties, 
can be synthesized for magnetic mediated hyperthermia (MMH)1,2. Among the nanoparticles that can be used for 
MMH are iron oxides, namely magnetite (Fe3O4) and maghemite (γ-Fe2O3) due to their high magnetization, low 
biocompatibility and their known pathways of metabolism3. However, there are other properties, such as high 
absorption in the tumor cells, which the nanoparticles must possess in order to be used in this method. The size of 
nanoparticles determines to a large extend their suitability for the method in vivo. The efficiency of MMH is 
characterized by the specific loss power (SLP) at certain frequency and strength of magnetic field. To use MMH in 
clinical practice, a first challenge is to developed a mediator (NPs in carrier medium) with   high SLP at frequency (f) 
and intensities (H) of an AC magnetic field that allowed for medical application (H ≤15 kA.m-1 ; 0.05≤ f ≤1.5 MHz)4.  
It is well known that magnetite and maghemite can be prepared by many synthesis rotes. The formation of 
product by organic methods, like thermal decomposition, requires a few hours. In contrast, aqueous methods like 
coprecipitation of iron salts are more simple and economic. The heating potential of magnetic NPs, which is 
estimated by SLP, strongly depends on the set of parameters: (1) morphology (particle shape, size, size distribution, 
(2) structure (crystallinity, phase formation), (3) magnetic properties (anisotropy constant, saturation magnetization, 
coercive force, etc). These parameters depend on the nanoparticles synthesis procedure and preparation conditions. 
For hyperthermia treatment, particles with size around the superparamagnetic - stable single domain transition have 
been found to have the maximum SLP values5,6. 
2. Experimental part 
Nanoparticles were synthesized by two chemical methods – co-precipitation (sample I) of iron (II) and iron (III) 
chlorides and solvothermal method by modified reduction reaction between FeCl3 and ethylene glycol (sample II). 
In co-precipitation reaction ferrous and ferric chlorides (both are hydrates) in a molar ratio 1:2 were utilized. Two 
solutions were prepared – ammonia hydroxide solution as a source of OH- ions and a solution of iron chlorides. The 
basic solution was heated to 70o C and kept under constant continuous mechanical stirring and argon purging. When 
the desired temperature is gained, iron salts solution was added under control rate to the ammonia solution and the 
reaction started immediately – a color of media became black and a bit brownish. The nucleation occurred as first 
drops of iron salts reached the ammonium solution. The black powders of iron oxide nanoparticles formed in the 
reaction were separated by a permanent magnet, washed with distilled water to neutral pH and dried in air at room 
temperature.  
Sample II was synthesized using solvothermal reduction method. It is known that solvothermal reduction method 
is used to synthesize monodispersed particles. FeCl3·6H2O (2.7 g, 10 mmol) was dissolved in ethylene glycol (120 
mL) to form a solution, followed by the addition of NaAc (12 g) and polyethylene glycol (2 g). The mixture was 
stirred vigorously for 30 min and then heated to 200oC for 19 h. At the end of the synthesis the reaction media was 
allowed to cool down to room temperature. The black products were washed several times with ethanol and dried at 
room temperature.  
Sample II was characterized on a PANalytical X-Ray powder diffractometer equipped with PIXcel RTMS 
detector with CuKα radiation (λ=1.5418Å) and sample I was characterized using X’pert Pro MPD with MoKα 
radition (λ=0.7107Å). The X-Ray diffraction (XRD) data are refined by Rietveld refinement technique using 
Fullprof program. The average crystallite size is determined using Scherrer’s formula (incorporated in Rietveld 
refinement) given by Dx = 0.89λ/B cos θ , where Dx is the mean crystallite diameter of the particle, λ is the 
wavelength of radiation of the x-ray, θ is the diffraction peak angle, and B is the line width at observed half-peak 
intensity. 
The amount of PEG coating the iron oxide nanoparticles was determined by thermogravimetric analysis (TGA) 
using a TGA Q500 (TA Instruments) with a 10 ۬C/min heating rate under nitrogen atmosphere (10 mL min−1). The 
measurement was made from room temperature up to 500 ۬C. 
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The magnetization measurements were performed with a Vibrating Sample Magnetometer (Lake Shore 7404) at 
room temperature in air atmosphere in magnetic field of up to 10 kOe. The amplitude and the frequency of vibration 
were 1.5 mm and 82 Hz, respectively.  The samples were measured in the form of powders.  
The thermal response of iron oxide nanoparticles in an AC magnetic field was studied using calorimetric 
measurements. The measuring system consisted of an oscillator (Tektronix AF6 3021B), power amplifier (AR 
worldwide Model 800A3), induction coil, interchangeable capacitors and measuring units for temperature and 
magnetic field sensing. The measurements were carried out at an AC magnetic field frequencies of 114, 525, 1048 
kHz and intensities of 5.9, 7.6, 13.8 kA·m–1. The test tube with a sample in the form of a dispersion of iron oxide 
magnetic nanoparticles (5 wt. %) in glycerol was inserted into a solenoid coil with an AC magnetic field. The 
glycerol dispersions of nanoparticles were prepared with ultrasonic homogenizer Sonoplus HD 2070. Both samples 
were temperated at 25 °C in a water bath before each measurement. The temperature was measured with optical hot 
spot module (Qualitrol TGL 589A) and fiber optic temperature sensor (T1S-03_PT06) inserted directly inside the 
sample dispersions. 
The SLP was calculated as follows 7,8: 
 
, 
where m is the mass of the iron oxide nanoparticles in the glycerol dispersion;  is the slope of temperature rise 
in time curve; and C [J·K-1] is the heat capacity of a sample in the form of the dispersion consisting of n components, 
 
, 
 
where xi [J·g–1·K–1] is the specific heat capacity of a component and mi [g] is the mass a component of the sample. 
The following values were used in the calculations: x (glycerol) = 2.434 J·g–1·K–1; x (magnetite) = 0.5 J·g–1·K–1. 
Because the experimental set-up is not perfectly adiabatic, the  value was determined from the initial slope of 
temperature increase obtained from the linear term of polynomial fit of the whole curve.  
 
3. Result and discussion 
3.1. Structural properties of iron oxides  
The XRD pattern of both samples exhibits 9 lattice planes (111), (220), (311), (222), (400), (422), (511), (440), 
(531) corresponding to the cubic spinel structure of magnetite phase. In sample I the two remarkable lattice planes 
(210) and (213) corresponding to the tetragonal structure of maghemite phase (Figure 1). The XRD data refinement 
has been done using Fd3m space group for magnetite phase and P41212 space group for maghemite phase. It is 
established that Sample I comprises of 72% of magnetite and 28 % of maghemite phase, whereas Sample II contains 
of pure magnetite. This mixed phase composition of nanoparticles is consistent with previously reported result for 
iron oxide nanoparticles obtained by coprecipitation method9,10. 
 
 
 
 
 
 
 
 
Fig. 1. XRD pattern of Sample I and II. The points are the observed data, and continuous line is the calculated pattern using Fullprof program 
Reitveld refinement technique. 
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The calculated crystalline size from the XRD data for sample I and II are 13nm and 20nm respectively. It is 
known that magnetite particles below a size threshold of 20  30 nm are SPM, and above this threshold 
(approximately up to 50  80nm) they are in a stable SD state (ferromagnetic regime); with the size increase above 
80  100 nm, particles are multidomain11. Therefore, according to the particle sizes calculated from XRD, sample I 
is in SPM state, while Sample II is on the transition edge from SPM to SD state (probably in pseudo-single domain 
state). Structural parameters obtained from the Reitveld refinement of XRD pattern are listed in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 2. Weight loss of magnetic particles coated with PEG determined from Thermal Gravimetric Analysis (TGA) 
The TGA curve (Figure 2) shows a slight loss of weight ranging of 1.53% in the temperature range of 30–160 qC 
due to the moisture content in the sample. The mass profile exhibited a well defined decrease over a temperature 
range of 160–450qC. This weight loss is due to the desorption and subsequent evaporation of PEG from the surface 
of particle. However, this weight loss is only about 6% thus the coverage of particle surface by the polymer is not 
complete. In this way, particles can magnetically interact and form aggregates12 
 
Table 1: Different synthesis method effect on structural parameters determined from XRD pattern analysis 
 
 
3.2. Magnetic properties of iron oxides  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The Magnetization curves for Sample 1 and Sample II. Insets:  (a) magnetization at low magnetic fields  
sample 
a ± 0.0004, (Å) 
dXRD ±  0.8, 
(nm) 
Magnetite 
content 
± 3% 
Maghemite 
content 
± 3% 
RF RBraga RF RBraga 
Magnetite 
Maghemite 
Magnetite Maghemite 
I 8.3584 
a=b=8.3466 
c=25.0189 
13 72 28 2.6 3.4 4.1 5.9 
II 8.3947 - 20 100 -     
0 100 200 300 400
90
92
94
96
98
100
W
eig
ht
 lo
ss
 %
Temp/oC
531 Harshida Parmar et al. /  Procedia Engineering  102 ( 2015 )  527 – 533 
0 20 40 60
36
38
40
42
44
46
48
0 50 100 150 200
36
38
40
42
44
Te
m
pe
ra
tu
re
, qC
 
Time, sec
 114 kHz, 13.8 kA/m
 525 kHz, 5.9 kA/m
 525 kHz, 7.6 kA/m
 1048 kHz, 5.9 kA/m
sample I sample II
 114kHz, 5.9kA/m
 525kHz, 7.6kA/mTe
m
pe
ra
tu
re
, o
C
Time, sec
 
The room temperature magnetization curve is shown in Figure 3. The Sample I show the non saturating behavior 
even at field of 10kOe whereas sample II reached to the saturation at the field of 6kOe. The magnetic parameters 
like MS, MR and HC for Sample II and I are 62 emu/g, 2 emu/g, 18 Oe and 57 emu/g, 8 Oe respectively. Sample II 
has higher values of all magnetic parameters than that of Sample I (MS=57 emu/g) due to higher crystallinity and 
phase purity that those for sample I. The value of MS for both samples is lower than that for bulk magnetite due to 
the size effect caused by strong disorder of spins on the surface. Magnetization curve of Sample II indicates its 
ferromagnetic behavior: sample is saturated state and demonstrates remarkable coercivity and remanence 
magnetization. On the contrary, Sample I is not saturated even in the magnetic field of 10 kOe and characterized by 
low coercivity and almost zero remanence magnetization which indicates the higher surface anisotropy in the 
sample I than sample II.  
3.3. Heating efficiency of iron oxide NPs dispersed in a viscous medium 
Figure 4 shows the temperature evolution curves for both samples at different AC magnetic field parameters. The 
thermal response depends on many parameters like particle size, size distribution, interparticle interactions, dosage 
of particles in carrier medium and its viscosity and heat capacity, and moreover effect of nanoparticles surface 
modification.  As it is known, mainly two magnetic relaxations contribute to the magnetic loss in ensemble of 
nanoparticles in AC magnetic field, i.e. internal relaxation (Neel) and external relaxation (Brownian). Internal 
relaxation of the magnetic moment inside the nanocrystal originates from magnetic anisotropy energy which tends 
to orient the magnetic moment in specific directions called easy axes (Neel mechanism). External relaxation is due 
to the viscosity of the carrier fluid, impeding thermal fluctuations of the particle itself (Brownian mechanism). 
Characteristic times of Neel (internal) and Brownian (external) relaxations (in comparison with the magnetic field 
frequency) determine the heating power of the nanoparticles. Both mechanisms depend on particle size, whereas 
only the Brownian contribution depends on viscosity and only the Neel contribution is tuned by the magnetic 
anisotropy of the material. The heating efficiency of nanoparticles in the current work was investigated on the 
glycerol dispersions providing the elimination of the Brownian relaxation contribution to the magnetic losses in AC 
magnetic field due to high viscosity of the dispersion media13. This particular condition is taking place when the 
nanoparticles are administered into the tumor tissue14. The calculated values of SLP are listed in Table 2. According 
to the results obtained, sample I shows the temperature increases from 37 0C to the hyperthermia temperatures (420C 
 450C) in tens of seconds, furthermore the value of SLP increases with frequency and the field intensity. 
Contrariwise, sample II shows a very low heating rate. 
 
 
 
 
 
 
 
 
Fig. 4. Heating rate of the Sample I and Sample II dispersed in glycerol (5 wt. % of nanoparticles) for given   frequency and amplitude of AC 
magnetic field 
The heating characteristics of particles are a complex function of the properties of individual nanoparticles and 
their collective magnetic behaviour. It was showed that the effect of inter-particles interactions on SLP is still not 
completely understood. The experimental studies reveal as increase15,16  as decrease17  of SLP with interactions. The 
primary mechanism leading to the variation of SLP in magnetically interacting particles is a variation of energy 
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barrier18. The high heating potential of Sample I is determined by narrow particle size distribution and inter-particles 
interactions which change the nature of the SPM to being thermally stable (SPM  stable SD transition). 
 
Table 2: Specific loss power of Sample I and Sample II dispersed in glycerol (5 wt. % of nanoparticles) 
AC magnetic field SLP, W.gm-1 
Frequency, kHz Amplitude, kAm-1 Sample I Sample II 
114 13.8 13.3 10.1 
525 
5.9 9.4 - 
7.6 16.8 2.3 
1048 5.9 16.4 - 
 
As of particle size of sample I (13nm), is smaller than the sample II (20nm). For small size nanoparticles the Neel 
relaxation time (internal relaxation of magnetic moment in the particle) is much higher than the Brownian relaxation 
time (external relaxation of magnetic moment by the rotation of particle ), and on further growth of size follows 
closely the Brownian relaxation19. The critical diameter for transition from Neel relaxation to Brownian relaxation 
depends on particle size and effective value of magnetic anisotropy. It seems that low heating rate of Sample II 
connected with high value of magnetic anisotropy which limits the Neel relaxation. At the same time, the high 
viscosity of glycerol prevents the Brownian relaxation.  
4. Conclusion 
Iron oxide magnetic nanoparticles have been obtained by coprecipitation and solvothermal reduction methods. 
The X-ray diffraction analysis revealed that the sample II has a pure single phase magnetite phase while sample I 
exhibit the mixture of 72 % magnetite and 28% maghemite phases. Despite the high values of MS, HC for Sample II, 
its dispersion in glycerol   shows significantly lower SLP values than those for sample I.  The low value of SLP for 
sample II can be explained by high value of magnetic anisotropy which limits the contribution of Neel relaxation 
and by high viscosity of glycerol which prevents contribution from Brownian relaxation. 
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